Mutations in the renal specific Na-K-2Cl co-transporter (NKCC2) lead to type I Bartter syndrome, a life-threatening kidney disease featuring arterial hypotension along with electrolyte abnormalities. We have previously shown that NKCC2 and its disease-causing mutants are subject to regulation by endoplasmic reticulum-associated degradation (ERAD). The aim of the present study was to identify the protein partners specifically involved in ERAD of NKCC2. To this end, we screened a kidney cDNA library through a yeast two-hybrid assay using NKCC2 C terminus as bait. We identified OS9 (amplified in osteosarcomas) as a novel and specific binding partner of NKCC2. Coimmunoprecipitation assays in renal cells revealed that OS9 association involves mainly the immature form of NKCC2. Accordingly, immunocytochemistry analysis showed that NKCC2 and OS9 co-localize at the endoplasmic reticulum. In cells overexpressing OS9, total cellular NKCC2 protein levels were markedly decreased, an effect blocked by the proteasome inhibitor MG132. Pulse-chase and cycloheximide-chase assays demonstrated that the marked reduction in the co-transporter protein levels was essentially due to increased protein degradation of the immature form of NKCC2. Conversely, knockdown of OS9 by small interfering RNA increased NKCC2 expression by increasing the co-transporter stability. Inactivation of the mannose 6-phosphate receptor homology domain of OS9 had no effect on its action on NKCC2. In contrast, mutations of NKCC2 N-glycosylation sites abolished the effects of OS9, indicating that OS9-induced protein degradation is N-glycan-dependent. In summary, our results demonstrate the presence of an OS9-mediated ERAD pathway in renal cells that degrades immature NKCC2 proteins. The identification and selective modulation of ERAD components specific to NKCC2 and its disease-causing mutants might provide novel therapeutic strategies for the treatment of type I Bartter syndrome. fibrosis transmembrane conductance regulator; ENaC, epithelial sodium channel; Hsp, heat shock protein; CHIP, Hsp70-interacting protein; EGFP, enhanced GFP; ETB, endothelin B; dpH i /dt, initial rate of intracellular pH recovery; TRP, transient receptor potential; DC-STAMP, dendritic cell-specific transmembrane protein.
The thick ascending limb of loop of Henle (TAL) 3 of the kidney is responsible for absorbing 20 -30% of the filtered load of NaCl (1, 2) . Given that the reabsorptive capacity of downstream portions of the nephron is limited, inhibition of TAL transport capacity results in marked natriuresis and diuresis, making specific inhibitors of NaCl transport in TAL cells such as furosemide or bumetanide the most potent class of all diuretics (3) . The apically located Na-K-2Cl co-transporter (NKCC2) is the pacemaker of TAL sodium chloride reabsorption (2) . Hence, the activity of NKCC2 is a key determinant of final urinary salt excretion, consequently influencing long term blood pressure levels (2) . This is of particular interest because changes in NKCC2 expression can be caused by several conditions such as high salt intake (4), diabetes mellitus (5) , obesity (6) , and aging (7) . Inherited variation in the activity of NKCC2 or its regulators alters blood pressure in humans (8) . Indeed, loss-offunction mutations in the NKCC2 gene, SLC12A1, cause type I Bartter syndrome (BS1), a life-threatening disease featuring arterial hypotension along with electrolyte abnormalities (2) . Conversely, enhanced activity of NKCC2 has been linked to salt-sensitive hypertension (2, 8, 9) . More recently, it was shown that carriers of rare NKCC2 mutations are protected against the development of arterial hypertension, further supporting the notion that factors governing the activity of NKCC2 are key determinants of essential hypertension in the general population (10 -12) . Intriguingly, despite the importance of NKCC2 in the regulation of blood pressure and the pathogenesis of Bartter syndrome, the molecular mechanisms underlying the trafficking, targeting, and turnover of NKCC2 remain largely unknown.
NKCC2 belongs to the superfamily of electroneutral cationcoupled chloride co-transporters, which also contains the Na-Cl and K-Cl co-transporters (13) . Similar to nearly all membrane proteins, the preparation for appropriate trafficking starts as the co-transporter protein is inserted into the endoplasmic reticulum (ER) (14 -16) . The ER acts therefore as an important determinant of the amount of protein that reaches the plasma membrane (14, 15) . The ER represents an important quality control mechanism for newly synthesized proteins given that it is the site where membrane and secretory proteins fold, and only properly folded proteins usually exit the ER (17) . Incompletely folded proteins may be retained in the ER, and if folding cannot be achieved, they may form aggregates or be targeted for ER-associated protein degradation (ERAD) (18, 19) . Based on their size and complex topologies, even the wildtype forms of integral membrane proteins such as cation-coupled chloride co-transporters are expected to encounter a significant number of hurdles during synthesis (19) . The first integral membrane mammalian protein to be characterized as an ERAD substrate was the cystic fibrosis transmembrane conductance regulator (CFTR) (20, 21) . CFTR folding and maturation in the ER is an inefficient, temperature-sensitive process as illustrated by the fact that 80% of wild-type CFTR is degraded via ERAD (20, 21) . Likewise, the epithelial sodium channel (ENaC) assembles inefficiently after its insertion into the ER; a substantial portion of its subunits is targeted for ERAD (22, 23) . The ERAD pathway is a multistep process that requires substrate recognition, retrotranslocation, ubiquitination, and proteolysis of aberrant proteins (18, 19) . Generally, the selection of misfolded proteins requires substrate-specific interactions with molecular chaperones (18, 19) . For instance, the ERAD of CFTR is a complex process requiring several chaperones such as members of the heat shock protein 70 (Hsp70) and 40 (Hsp40) protein family, Hsp70-interacting protein (CHIP), and derlin 1 (24) . Similar to ENaC (22, 23) and CFTR (20, 21) , we previously demonstrated that NKCC2 is a substrate for the ERAD quality control system (25, 26) . Most importantly, we found evidence that the maturation of NKCC2 is also a relatively slow and inefficient process and suggested that export from the ER constitutes the limiting step in the maturation and cell surface expression of the co-transporter (26) . Accordingly, the majority of newly synthesized NKCC2 proteins is trapped in the ER and destined for ERAD (25, 26) . Despite this, our knowledge of the molecular mechanisms underlying the ER quality control of NKCC2 proteins is nil. More specifically, the identities of the protein partners of NKCC2 that are involved in the ERAD of the co-transporter are unknown. Accordingly, identifying proteins that specifically interact with NKCC2 at the ER should help to begin to define the pathway by which NKCC2 is subject to quality control. In this report, we describe a novel protein-protein interaction between the C-terminal tail of NKCC2 and OS9, a ubiquitous protein originally identified as being amplified in certain osteosarcomas (27) . Previous studies have implicated a role for OS9 in ER quality control (28 -31) and ER-to-Golgi transport (32) (33) (34) (35) . Here, we show that OS9 interacts with the ER-resident form of NKCC2 and promotes its degradation by the proteasome pathway, revealing therefore a new molecular pathway in the regulation of the co-transporter. Consequently, these findings may open up new avenues in studying the regulation of the ER-associated degradation of cation-coupled chloride co-transporters in general and in particular of renal Na-Cl co-transporters, proteins that are necessary for normal blood pressure homeostasis.
Experimental Procedures
Materials-All chemicals were obtained from Sigma unless otherwise noted. Penicillin and streptomycin were from Invitrogen. Subclonings were carried out with the following vectors: 1) pGKT7 (Clontech), 2) pCMV-Myc (Clontech), 3) pEGFP-C2 (Clontech), and 4) pcDNA3.1/V5-His-TOPO (Invitrogen).
Yeast Two-hybrid Assay-Yeast two-hybrid screening was performed as described previously in detail (29) . Briefly, the cDNA fragment encoding the distal region of the NKCC2 C terminus (last 195 amino acids) was cloned in-frame with the GAL4 DNA-binding domain in pGBKT7-BD and transformed into the yeast strain AH109. AH109 expressing the bait was then mated with the Y187 yeast strain pretransformed with a human kidney cDNA library constructed in the pACT2-AD vector. Mated yeast cells were first grown on low stringency selection plates (ϪLeu, ϪTrp, ϪHis) and then on high stringency selection plates (ϪLeu, ϪTrp, ϪHis, ϪAde). Colonies were tested for ␤-galactosidase activity, and DNA from positive clones encoding the putative interacting proteins was isolated from yeast cells using the RPM yeast plasmid isolation kit (BIO 101 Systems). Prey plasmids were rescued by transformation into DH5␣ bacteria (Invitrogen) and isolated using a Qiagen kit. Insert sizes were checked by BglII digestion. cDNA plasmids were then sequenced and assessed using the BLAST program.
Plasmid Construction and Site-Direct Mutagenesis-The cDNAs encoding mouse NKCC2 and Na-Cl co-transporter (NCC) were fused at the N-terminal end of Myc (Myc-NKCC2 and Myc-NCC) or EGFP (EGFP-NKCC2) using pCMV-Myc and pEGFP-C2 vectors, respectively. The mouse pcDNA3 plasmid encoding mouse OS9.1 was a kind gift from L. Litovchick (Dana-Farber Cancer Institute, Boston, MA). The mouse OS9 coding sequence was subcloned into the mammalian expression pcDNA3.1/V5 vector. Alanine, glutamine, or asparagine substitutions were introduced into the OS-V5 construct at Tyr-120 (Y120A), Gln-130 (Q130E), Arg-188 (R188A), Glu-212 (E212N), and Tyr-212 (Y212A) using the QuikChange mutagenesis system (Stratagene). All mutations were confirmed by sequencing.
Cell Culture-Opossum kidney (OKP) cells were grown in DMEM complemented with 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin, and 100 units/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . Human embryonic kidney (HEK) 293 cells were maintained in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin. For DNA transfection, cells were grown to 60 -70% confluence on plastic culture dishes and then transiently transfected for 5 h with plasmids using a Lipofectamine Plus kit according to the manufacturer's instructions (Invitrogen). For protein degradation assays, transiently transfected cells were treated with MG132 (10 M) or leupeptin (100 M) overnight prior to cell lysis.
Measurement of Intracellular pH and Na-K-2Cl Co-transporter Activity-Measurement of cytoplasmic pH (pH i ) was accomplished in cells grown to confluence on coverslips using the intracellularly trapped pH-sensitive dye 2Ј,7Ј-bis(2-carboxyethyl)-5-(and-6)-carboxyfluorescein as described earlier (25, 26, 36, 37) . Likewise, Na-K-2Cl co-transport activity was OS9 Mediates NKCC2 Degradation measured as bumetanide-sensitive NH 4 influx as described previously (25, 26, 36, 37) . Briefly, cells were first bathed at 37°C in a CO 2 -free Hepes/Tris-buffered medium to measure baseline pH i . 20 mM NH 4 Cl was then added to the medium, causing a very rapid initial cellular alkalinization followed by a pH i recovery. The initial rate of intracellular pH recovery (dpH i /dt) was measured over the first 20 s of recordings as reported earlier (36, 38) . The dpH i caused by NH 4 Cl addition was used to calculate the cell buffer capacity, which was not different between the studied groups (data not shown). Hence, the Na-K-2Cl cotransporter transport activity is expressed as dpH i /dt.
Protein Preparation, Immunoblotting, and Immunoprecipitation-Forty-eight hours post-transfection, cells were washed with cold PBS and lysed in 0.2 or 0.5 ml of lysis buffer (120 mM Tris/Hepes, pH 7.4, 150 mM NaCl, 5 mM EDTA, 3 mM KCl, 1% (v/v) Triton X-100) containing protease inhibitors (Complete, Roche Diagnostics catalog number 1697498). Samples were harvested and centrifuged at 16,000 rpm for 15 min at 4°C. Protein expression levels were assessed after normalizing and loading equal amounts of total protein for 7.5% SDS-PAGE separation and immunoblotting with the antibodies of interest. For immunoprecipitation, cells were solubilized with lysis buffer containing 0.4 M NaCl, 0.5 mM EGTA, 1.5 mM MgCl 2 , 10 mM Hepes, pH 7.9, 5% (v/v) glycerol, 0.5% (v/v) Nonidet P-40), and protease inhibitors (Complete). Immunoprecipitation was carried out using the primary antibody of interest and affinity purification using protein G-agarose beads (Dynal). After incubation with protein G-agarose beads for 1 h at room temperature, the immunocomplex was washed three times in PBS (Invitrogen). The protein samples were boiled in loading buffer, run on gradient 7.5% SDS-polyacrylamide gels, and probed with primary antibodies of interest and horseradish peroxidase-conjugated secondary antibody according to standard procedures. Proteins were visualized by enhanced chemiluminescence detection (PerkinElmer Life Sciences) according to the manufacturer's instructions.
Biotinylation-Cells were placed on ice and rinsed twice with a cold rinsing solution containing PBS ϩ , pH 8.0, containing 1 mM MgCl 2 , and 0.1 mM CaCl 2 . Cells were then gently agitated at 4°C for 1 h in PBS ϩ in containing 1 mg/ml NHS-biotin. Biotinylation was stopped by incubation with PBS supplemented with 100 mM glycine. Cells were then washed three times in PBS supplemented with 1 mM MgCl 2 and 0.1 mM CaCl 2 . Washed cells were lysed for 1 h at 4°C in solubilizing buffer (150 mM NaCl, 5 mM EDTA, 3 mM KCl, 120 mM Tris/Hepes, pH 7.4, 1% (v/v) Triton X-100) containing protease inhibitors (Complete). After quantification and normalization, an aliquot of the total cell extract was taken from each sample to provide a measure of total NKCC2 expression, and the rest of the cell lysates were incubated with NeutrAvidin-agarose beads (Thermo Fisher) overnight at 4°C. After overnight incubation, samples were centrifuged at 16,000 rpm for 5 min, and the supernatant (the intracellular fraction) was removed. Avidin beads were then washed with solubilizing buffer and centrifuged for 7 min at 16,000 rpm seven times. Pellets were incubated in solubilizing buffer and denaturing buffer for 10 min at 95°C and stored at Ϫ20°C. Each fraction was subjected to SDS-PAGE and Western blotting analysis Immunocytochemistry-48 h post-transfection, confluent cells were washed twice with PBS 2ϩ , pH 8, containing 1 mM MgCl 2 and 0.1 mM CaCl 2 . Cells were then fixed with 2% paraformaldehyde in PBS for 20 min at room temperature, incubated with 50 mM NH 4 Cl, permeabilized with 0.1% Triton X-100 for 1 min, and incubated with Dako antibody diluent with background-reducing components for 30 min to block nonspecific antibody binding. Fixed cells were incubated for 1 h at room temperature with the primary antibodies at appropriate dilution in Dako antibody diluent. To assess protein expression at the cell surface, confluent cells were first incubated at 4°C for 1 h in PBS 2ϩ containing 1 mg/ml NHS-biotin. Cells were rinsed three times in rinsing solution with 100 mM glycine and reincubated at 4°C in the same solution for 10 min. After washing with PBS 2ϩ , the monolayers were fixed and stained for cell surface biotin (avidin-Cy2; green). Mouse anti-Myc and anti-V5 antibodies were visualized with Texas Red-coupled secondary antibodies. Rabbit anti-calnexin was visualized with FITC-coupled IgG antibodies. Cells were then washed with PBS and mounted with Vectashield.
Pulse-Chase and Cycloheximide-Chase Assays-For pulsechase assays, OKP and HEK 293 cells transiently transfected with NKCC2 plasmid cDNAs were incubated in cysteine-and methionine-free DMEM starvation medium for 1 h. Starvation medium was removed and replaced with DMEM labeling medium containing [ 35 S]methionine/cysteine labeling mixture. After 1 h, cells were rinsed three times with PBS and another three times with normal growth medium and returned to normal growth medium for the duration of chase to the specified time points. Cells were washed twice with ice-cold PBS and incubated on ice for 1 h in lysis buffer with a mixture of protease inhibitors after which solubilized extracts were collected for immunoprecipitation. Proteins were immunoprecipitated with monoclonal anti-Myc antibody, resolved by SDS-PAGE, blotted onto nitrocellulose, and revealed by autoradiography. For cycloheximide-chase assays, cycloheximide was added at a concentration of 100 M to OKP or HEK cells 12-14 h post-transfection with NKCC2 plasmids. Cell lysates were then collected at 0, 1, 2, and 4 h and analyzed by quantitative immunoblotting.
Small Interfering RNA (siRNA) Knockdown-The siRNAs for control and OS9 siRNAs were purchased from Dharmacon as ON-TARGETplus SMARTpools (L-010811-01-0005) and Santa Cruz Biotechnology siRNAs (sc-96230). HEK cells were first transfected with control or specific siRNA with Lipofectamine RNAiMAX (Invitrogen) using the manufacturer's specifications. 1 day after siRNA transfection, cells were transfected with NKCC2 plasmids. 24 -48 h after NKCC2 transfection, cell lysates were analyzed for each protein using the indicated antibodies.
Statistical Analyses-Results are expressed as mean Ϯ S.E. Differences between means were evaluated using paired or unpaired t test or analysis of variance as appropriate. p Ͻ 0.05 was considered statistically significant.
Results
Yeast Two-hybrid Screen Identifies OS9 as a Novel NKCC2binding Protein-As described in previous reports, to identify novel NKCC2-interacting proteins, we used a yeast two-hybrid system to screen a human kidney cDNA expression library using a series of bait fragments spanning the predicted cytoplasmic C terminus (residues 661-1095) of murine NKCC2 named C1-term (residues 661-768), C2-term (residues 741-909), and C3-term (residues 898 -1095) (36, 37) . We previously identified two NKCC2 binding partners, aldolase B (36) and SCAMP2 (37) , that specifically interact with the proximal region of NKCC2 C terminus (residues 661-768). In this report, we describe results obtained from the distal region of NKCC2 C terminus (residues 898 -1095, C3-term). 29 positive clones were selected by activation of three reporter genes, ADE2, HIS3, and MEL1. Among these positives clones, five matched the sequence originating from the same cDNA sequence. The protein encoded by this cDNA was originally identified as amplified in osteosarcomas and termed OS9 (27) . Three splicing isoforms of human OS9 were initially described (39) . The longest isoform, isoform 1, contains 667 amino acids; isoform 2 lacks amino acids 535-589, whereas isoform 3 lacks amino acids 456 -470 and 535-589. All five identified clones code for the C-terminal domain of OS9 isoform-1 starting at residue 358. The interaction between OS9 and NKCC2 C3-term could be easily confirmed by retransforming the cloned cDNA into yeast using constructs issued from the yeast two-hybrid screening as judged by growth of the AH109 reporter strain on selection medium ( Fig. 1A) . To check for the specificity of the interaction between OS9 and C3-term, AH109 yeast cells were co-transformed with OS9 and NKCC2 C1-term (residues 661-768). In contrast to aldolase B (36) and SCAMP2 (37) , no growth was observed when AH109 yeast cells were transformed with OS9 and the proximal region of NKCC2 C terminus ( Fig. 1A) , indicating that the co-transporter interaction with OS9 is specific to the distal region of NKCC2 C terminus.
OS92 Interacts with NKCC2 in Renal Cells-The above data clearly indicate that OS9 interacts specifically with the distal region of NKCC2 C terminus in yeast. To show that the interaction between OS9 and NKCC2 also occurs in mammalian cells, Myc-NKCC2 construct was transiently expressed either singly or in combination with OS9-V5 in OKP cells. Cell lysates were incubated with anti-V5 or anti-Myc antibody, and the resultant immunoprecipitates were resolved by SDS-PAGE and immunoblotting. In agreement with our previous findings (25, 26, 36, 37) , when NKCC2 is exogenously expressed in renal cultured cells, both the core (immature, ER-resident) and complex glycosylated (mature) forms are observed with the latter being more abundant. As shown in Fig. 1B , lane 3, immunoprecipitation of OS9 followed by immunoblotting for NKCC2 revealed robust co-immunoprecipitation of the two proteins as illustrated by the intensity of the bands corresponding to NKCC2 proteins. Interestingly, the interaction involves mainly the immature, ER-resident form of NKCC2 despite the predominant expression of mature, glycosylated NKCC2 in these cells. Moreover, the interaction appears to be specific because Myc-NKCC2 protein was not detected in control experiments in which OKP cells were not co-transfected with OS9-V5 (lane 2). In sum, these findings clearly indicate that the interaction of NKCC2 with OS9 is not an artifact of the yeast two-hybrid system and that the two proteins really associate in vivo. Most importantly, they demonstrate that this interaction involves mainly the core glycosylated form of the co-transporter.
OS9 Also Interacts with the NCC-The sequence of NKCC2 C terminus protein shares considerable homology with other members of the sodium-dependent chloride transporter family, namely the ubiquitous Na-K-2Cl co-transporter isoform NKCC1 and the related kidney-specific electroneutral NCC (2), suggesting that they may be have several common binding proteins. In support of this notion, we previously showed that SCAMP2 interacts with NKCC2 and with NCC (37) . Hence, to determine whether OS9 also interacts with NCC, we performed a co-immunoprecipitation assay in OKP cells using Myc-NCC and OS9-V5 proteins. Moreover, to test for the specificity of the interaction, we also checked, under the same experimental conditions, whether OS9 could interact with the endothelin B (ETB) receptor. Like NKCC2, the ETB receptor is expressed in the TAL, but it is not structurally related to the Na-Cl co-transporter family. Similar to NKCC2 ( Fig. 2A, lane 3) , NCC protein could be recovered from OS9 immunoprecipitates ( Fig. 2A,  lanes 7 and 10) , indicating interactions between the proteins. Moreover, like NKCC2, the interaction of OS9 with NCC involves mainly the immature form of the co-transporter (Fig.
FIGURE 1. Identification of OS9 as a novel NKCC2-interacting protein. A, OS9 interacts specifically with the distal region of NKCC2 C terminus in yeast.
A yeast two-hybrid assay was performed using the Matchmaker system as described under "Experimental Procedures." The experiment confirmed the interaction of OS9 with the distal region of NKCC2 C terminus 5 (C3-term) as judged by growth of the AH109 reporter strain on selection medium (ϪTrp, ϪLeu, ϪHis, ϪAde). In contrast, no growth was observed when AH109 was transformed with OS9 and C1-term. B, NKCC2 interacts in vivo with OS9 in OKP cells. OKP cells transiently expressing Myc-NKCC2 singly or in combination with OS9 were immunoprecipitated (IP) with anti-V5 anti-body (lanes 2 and 3). 5% of total cell lysate (Lys) was resolved as a positive control. NKCC-2 coimmunoprecipitated with OS9 was detected by immunoblotting (IB) using anti-Myc (lane 3). The positions of the core glycosylated (immature) and complex glycosylated (mature) proteins of NKCC2 are indicated. The interaction of NKCC2 with OS9 involves mainly the core glycosylated, immature form of the co-transporter. SD, synthetic defined medium; IgGH, the heavy chain of IgG.
2A, lanes 7 and 10). In contrast to the co-transporter proteins (Fig. 2, A and B) , the ETB receptor did not co-immunoprecipitate with OS9 (Fig. 2B, lane 10) , providing additional evidence for the specificity of the interaction of OS9 with NCC and NKCC2 in renal cells.
NKCC2 and OS9 Co-localize at the ER-The association of OS9 with the immature form of NKCC2 suggests that the two proteins interact in the ER. To support this hypothesis, we visualized the subcellular distribution of NKCC2 and OS9 proteins by immunofluorescence microscopy in renal cultured cells. To that end, OKP cells were co-transfected with EGFP-NKCC2 and OS9-V5 proteins. Of note, we have previously shown that, similar to Myc, N-terminal tagging of NKCC2 with EGFP does not influence the co-transporter intracellular trafficking (25, 36) . As shown in Fig. 3A , NKCC2 (green) largely co-localized with OS9 (red), indicating that these two proteins share overlapping subcellular localization. Moreover, the two proteins displayed an immunofluorescence staining pattern that is more restricted to a perinuclear ER-like distribution, which is in agreement with an interaction of NKCC2 with OS9 at the ER. To confirm this, the subcellular localization of NKCC2 in the presence and absence of transfected OS9 was compared with the distribution of calnexin, an ER marker. As anticipated, when transfected alone, NKCC2 was found distributed primarily in the plasma membrane. Under these conditions, NKCC2 cell surface expression surrounded the calnexin signal ( Fig. 3B , upper panels). In contrast, upon OS9 co-expression, a significant fraction of total NKCC2 appeared, most of the time, to be retained in the ER as judged by its excellent co-localization with the ER marker calnexin (Fig. 3B, lower panels) . Accordingly, OS9 protein also displayed considerable co-localization with calnexin ( Fig. 3C ). Collectively, these findings provide additional evidence that NKCC2 and OS9 interact, an interaction that takes place mainly in the ER. Moreover, they suggest that FIGURE 2. OS9 interacts specifically with NKCC2 and the related NCC. A, co-immunoprecipitation of OS9 with NKCC2 and NCC in OKP cells. Cell lysates from cells transiently transfected with Myc-NKCC2 or Myc-NCC in the presence or absence of OS9-V5 were immunoprecipitated (IP) with anti-V5 antibody. Similar to NKCC2, NCC co-immunoprecipitated with OS9-V5 was detected by immunoblotting (IB) using anti-Myc (lanes 7 and 10). Again, the interaction with OS9 involves mainly the core glycosylated (immature) form of the co-transporters. 5% of total cell lysate (Lys) was resolved as a positive control. B, OS9 does not interact with ETB receptor. Cell lysates from OKP cells transiently transfected with the co-transporters proteins or ETB receptor in the presence or absence of OS9-V5 were immunoprecipitated with anti-V5 anti-body. Again, 5% of total cell lysate (Lys) was resolved as a positive control. In contrast to NKCC2 and NCC, ETB receptor protein was not recovered from OS9 immunoprecipitates (lane 10). IgGH, the heavy chain of IgG. FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 4491 OS9 regulates NKCC2 transit through the ER to alter its cell surface expression.
OS9 Mediates NKCC2 Degradation
OS9 Regulates the Amount of NKCC2 Protein-Numerous previous reports documented that OS9 plays a pivotal role in the ER-associated regulation of several proteins (28 -31) . Hence, to assess the functional consequence of OS9-NKCC2 interactions, we first assessed the effects of OS9 on total NKCC2 expression. Toward this, Myc-NKCC2 cDNA was transfected into OKP cells in the absence (empty vector) or presence of OS9-V5 in OKP cells. The expression of NKCC2 and OS9 was assessed by immunoblotting lysates from OKP cells with either anti-Myc or anti-V5 antibody. As shown in Fig.  4A , OS9 co-expression strikingly decreased the amount of immature and mature forms of NKCC2 ( Fig. 4 A, lower panel) . Accordingly, the graph in Fig. 4A (lower panel) , showing averaged results for eight independent experiments, demonstrates a significant decrease in total NKCC2 protein upon OS9 co-expression (Ϫ60%; p Ͻ 0.0001). Importantly, similar results were obtained when NKCC2 was co-transfected with untagged OS9 protein (Ϫ48%; p Ͻ 0.001). Moreover, it is worth noting that co-transfecting ␤-galactosidase, a non-related protein, had no effect on the expression of NKCC2 ( Fig. 4B ), suggesting that the OS9-induced down-regulation of OS9 is not an artifact of protein overexpression. Additionally, it is also of great interest to note that, under identical conditions, the co-expression of SCAMP2, another NKCC2 binding partner (37) , had no effect on total NKCC2 protein abundance (Fig. 4B ), further corroborating our conclusion that the effect of OS9 on total NKCC2 protein abundance is specific. with Myc-NKCC2 alone or in the presence of OS9-V5. 48 h post-transfection, total cell lysates were subjected to immunoblotting analysis for Myc-NKCC2, OS9-V5, and actin. Actin was used as a loading control Lower panel, quantitation of steady-state mature, immature, and total NKCC2 expression levels with or without OS9 co-expression. NKCC2 expression is given as the percentage of that observed in controls co-expressing empty vector (n ϭ 6; mean Ϯ S.E.). Data are expressed as a percentage of control ϮS.E. *, p Ͻ 0.0004; #, p Ͻ 0.0003; **, p Ͻ 0.0001 versus control. B, the effect of OS9 on NKCC2 is specific. Upper panel, representative immunoblotting analysis showing the effect of OS9, ␤-galactosidase (␤-gal), and SCAMP2 on NKCC2 protein abundance in OKP cells. Cells were co-transfected with Myc-NKCC2 and the empty vector (pCDNA3) or with OS9.1, ␤-galactosidase-V5 (␤-gal), or SCAMP2-V5 cDNAs. Bottom, summary of results. NS, not significant versus NKCC2 alone; *, p Ͻ 0.001 versus NKCC2 alone. NKCC2 alone, n ϭ 8; NKCC2 with OS9.1, n ϭ 8; NKCC2 with ␤-gal, n ϭ 5. In contrast to OS9, SCAMP2-V5 overexpression had no effect NKCC2 protein abundance. OKP cells were co-transfected with Myc-NKCC2 (0.1 g/well) alone or in combination with SCAMP2-V5 (0.3 g/well). Bottom, summary of results. NS, not significant versus NKCC2 alone (NKCC2 alone, n ϭ 5; NKCC2 with SCAMP2-V5, n ϭ 5). Error bars, S.E.
OS9 Decreases NKCC2 Surface Expression and Function-To
further elucidate the functional consequence of OS9-NKCC2 interactions, we checked the effect of OS9 on NKCC2 surface expression and activity. Toward that, we first performed cell surface biotinylation experiments. As expected, immunocytochemistry analysis showed that in the absence of OS9 transfection NKCC2 staining co-localized with biotinylated cell surface proteins, indicating appropriate trafficking of NKCC2 to the cell surface. Once again, in cells co-expressing both proteins, NKCC2 mostly disappeared from the cell membrane and clustered in an intracellular location, presumably the ER (Fig. 5A ), suggesting that OS9 decreases the cell surface expression of the co-transporter. To study in a more quantitative fashion the effect of OS9 on NKCC2 surface expression, we opted for cell surface biotinylation assays. To this end, surface membrane proteins were biotinylated by reaction with sulfo-NHS-SS-biotin and isolated by precipitation with NeutrAvidin-bound agarose. Myc-NKCC2 protein was then identified by immunoblotting using anti-Myc antibody. We documented previously (25, 26, 36, 37) that only the complex glycosylated form of NKCC2 (160 -170 kDa) is able to reach the cell membrane. Accordingly, only the fully glycosylated, mature form of NKCC2 was detected in biotinylated cell surface proteins. Most importantly, the decrease in total NKCC2 protein abundance in cells overexpressing OS9 was associated with a reduction (Ϫ55%; p Ͻ 0.004) in NKCC2 expression at the cell surface ( Fig. 5B) .
To elucidate the functional consequence of the observed reduction in the co-transporter cell surface level, we then checked the effect of OS9 co-expression on NKCC2 transport activity. As described previously (25, 26, 36, 37, 40) , to assess Na-K-2Cl co-transporter activity, we took advantage of the fact that NH 4 ϩ can be carried by NKCC2 using its extracellular K ϩ -binding site. OKP cells were exposed to NH 4 ϩ , and the rate of cell acidification following the initial cell alkalinization was studied as an index of NH 4 ϩ transport into the cells. dpH i /dt, which is fully due to NH 4 ϩ entry, was measured over the first 20 s of recordings as described earlier (25, 36) . As can be seen in Fig.  5C , Na-K-2Cl co-transporter activity decreased upon OS9 coexpression (Ϫ66%; p Ͻ 0.03). Taken together, these results clearly indicate that OS9 co-expression decreases the transport activity of NKCC2 by decreasing the cell surface level of the co-transporter.
OS9 Promotes NKCC2 ERAD in a Proteasome-dependent Manner-Based upon the above findings, we hypothesized that OS9 co-expression results in ER retention and/or degradation of NKCC2, leading to a decrease in total and cell surface expression of the co-transporter. This mechanism involves, in most cases, activation of the proteasome proteolysis pathway and/or the lysosomal machinery (18, 19, (41) (42) (43) . Accordingly, we anticipated that treatment with proteasome and lysosome inhibitors might provide important insights into the possible mechanisms of NKCC2 degradation upon OS9 co-expression.
To investigate the possible involvement of proteasomal and/or lysosomal degradation pathways in the effect of OS9induced down-regulation of NKCC2, cells were treated overnight with 10 M MG132 or 100 M leupeptin, and their lysates were subjected to Western blotting analysis. In agreement with our previous report (25) , exposure to MG132 significantly FIGURE 5 . OS9 decreases NKCC2 cell surface expression and activity. A, effect of 0S9 on subcellular distribution of NKCC2. OKP cells were transfected with Myc-NKCC2 (red) alone or with SCAMP2-V5. Membrane proteins of confluent cells were biotinylated at 4°C with the biotinylation reagent sulfo-NHS-SS-biotin. Then the monolayers were fixed and stained for cell surface biotin (avidin-Cy2; green). The stained specimens were evaluated by confocal microscopy. Optical sections (xy) at the cell surface are depicted for the Texas Red channel (red), Cy2 channel (red), and a merged channel. B, total and surface NKCC2 proteins are down-regulated by OS9. OKP cells were co-transfected with Myc-NKCC2 (0.1 g/well) alone or in combination with OS9 (0.3 g/well) as indicated. Biotinylated proteins were recovered from cell extracts by precipitation with NeutrAvidin-agarose. NKCC2 proteins on the cell surface were detected by immunoblotting with Myc antibody. An aliquot of the total cell extract from each sample was also run on a parallel SDS gel and Western blotted for total NKCC2 expression. Bottom, densitometric analysis of total and surface NKCC2 from cells expressing NKCC2 alone or with OS9. Data are expressed as a percentage of control. *, p Ͻ 0.004 versus NKCC2 alone (n ϭ 3). C, measurement of Na-K-2Cl co-transport activity in OKP cells expressing NKCC2 alone or with OS9 proteins. Each bar represents the mean Ϯ S.E. rates of cell pH recovery (dpH i /dt in pH units/min) from NH 4 ϩinduced alkaline load of three independent experiments. #, p Ͻ 0.03 versus NKCC2 alone (n ϭ 3). Error bars represent S.E. FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9
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increased the protein levels of the immature form of NKCC2 without an apparent increase in its mature form, an effect consistent with an ER-associated degradation (Fig. 6A ). In support of this notion, OS9 was also up-regulated under these experimental conditions (Fig. 6A) , which is in agreement with previous reports (44) . Most importantly, when cells co-transfected with Myc-NKCC2 and OS9-V5 were treated with MG132, the OS9-dependent decrease of NKCC2 protein level was abrogated ( Fig. 6A ), suggesting that a proteasome-dependent mechanism underlies the degradation of NKCC2. In contrast to MG132, leupeptin was without action on the OS9-induced down-regulation of NKCC2 (Fig. 6A) , indicating that the lysosome pathway is not involved in the action of OS9 on NKCC2 protein. Altogether, these results strongly suggest that OS9 decreases NKCC2 expression by promoting its ERAD in a proteasome-dependent manner.
To directly examine the effect of OS9 protein on the degradation and the maturation of NKCC2 protein, we traced the sorting delivery of newly synthesized proteins from the ER to Golgi compartments using pulse-chase analysis. In these experiments, cells transfected with Myc-tagged wild-type NKCC2 in the presence or absence of OS9 construct were labeled for 1 h with [ 35 S]methionine/cysteine and chased with unlabeled methionine and cysteine during different intervals between 1 and 4 h. At t ϭ 0, similar quantities of newly synthesized NKCC2 proteins were present in controls and in cells that overexpressed OS9. During the chase period, the core glycosylated (immature) form of NKCC2 is progressively converted to a more slowly migrating band, representing the mature and functional form of the co-transporter (25, 26, 36, 37) . As shown in Fig. 6B , in cells transfected with OS9, immature NKCC2 protein showed a faster rate of decay during the chase period. In kinetic analysis, the estimated half-life of the immature form of NKCC2 protein was decreased by Ϫ55% upon OS9 co-expression. The decrease represents the conversion of the immature to the mature form as well as the degradation of the immature form of NKCC2 protein. Consequently, OS9 co-expression decreased the maturation efficiency of NKCC2 at different time points during the chase period. At t ϭ 4 h, the effect of OS9 on NKCC2 maturation efficiency reached Ϫ49% (Fig. 6B) . To further corroborate these observations, we used the cycloheximide decay assay as a second approach to assess the stability and maturation of NKCC2. To this end, 12-14 h post-transfection, cycloheximide was added to block protein synthesis, and at various times after addition of cycloheximide, NKCC2 levels were monitored by immunoblotting. As illustrated in Fig. 6 , OS9 overexpression decreased the half-life of immature NKCC2 protein by 61%, which is in agreement with the pulsechase analysis described above. Moreover, the decrease in immature NKCC2 stability in cells overexpressing OS9 was associated with a decrease in the conversion of the protein from the immature to the mature form. OS9-induced decrease in the maturation efficiency of NKCC2 was accentuated during the chase period to reach Ϫ45% at 4 h (Fig. 6C) . Taken together, the results above indicate that OS9 targets the immature form of NKCC2 to the proteasome-dependent ER-associated degradation pathway. N-Glycosylation of NKCC2 Is Critical for the OS9-dependent ERAD Pathway-The processing of N-linked oligosaccharides plays an important role in the ERAD of glycoproteins. NKCC2 is N-glycosylated at two sites, Asn-442 and Asn-452, located in the long extracellular loop (2, 36) . Consequently, we next examined the role of N-glycan in the OS9-mediated ERAD of NKCC2. To this end, we mutated the two predicted glycosylation sites, Asn-442 and Asn-452, to glutamine (Gln) and assessed the effect of these mutations on OS9-induced downregulation of NKCC2. Hence, N442Q/N452Q proteins were expressed in OKP cells in the presence or absence of OS9 construct. As expected, elimination of both N-glycosylated sites (N442Q/N452Q) resulted in the complete loss of the upper band with a lower band around 120 kDa remaining (Fig. 7A) . Nevertheless, as can be seen in Fig. 7A, OS9 was still able to bind to the non-glycosylated form of the NKCC2. However, OS9 association with non-glycosylated NKCC2 was unproductive because, in contrast to its effect on WT NKCC2, it did not affect the protein abundance of the co-transporter under these conditions ( Fig. 7B ). To corroborate this observation, we performed a pulse analysis assay. In contrast to WT NKCC2, OS9 did not affect the kinetics of disappearance of the non-glycosylated form of the co-transporter (Fig. 7C ). In sum, these data demonstrate that mutations of NKCC2 N-glycosylation sites (N442Q and N452Q) abolish the OS9 effects, indicating that OS9-induced protein degradation of the co-transporter is N-glycan-dependent.
Mannose 6-Phosphate Receptor Homology (MRH) Domain of OS9 Is Dispensable for the Effect on NKCC2 Degradation-In yeast, it has been shown that the MRH domain of OS9 is required for its role in the ER quality control pathway (45) . To examine the role of the lectin activity of the MRH domain in the OS9-induced down-regulation of NKCC2, we focused on five residues within this region (namely Tyr-120, Gln-130, Arg-188, Glu-212, and Tyr-212) that were found to be required for ERAD in yeast. The specific role of each of these amino acids was analyzed by site-directed mutagenesis converting each of them individually to alanine, glutamine, or asparagine (Fig. 8A) . OKP cells were then transfected with NKCC2 singly or in combination with WT OS9 or mutated OS9 proteins. As can be seen in Fig. 8 , inactivating the MRH domain of OS9 did not prevent the OS9-induced down-regulation of NKCC2 protein abundance. Indeed, similar to WT OS9, co-expression of mutated OS9 proteins decreased NKCC2 protein expression ( Fig. 8, A and B) , clearly indicating that the MRH domain of OS9 is dispensable for the ERAD of NKCC2.
The Impact of OS9 on NKCC2 Expression Is Independent of the Expression System-Because the ER quality control mechanism and the ERAD system may be cell-dependent, we sought to corroborate our findings by conducting the experiments in a second renal cell line, HEK cells. As illustrated in Fig. 9A , similar to OKP cells, immunoprecipitation of OS9 followed by immunoblotting for NKCC2 also revealed robust interaction of the two proteins. Importantly, as in OKP cells, NKCC2 interaction with NKCC2 in HEK cells involves mainly the immature form of the co-transporter. Accordingly, NKCC2 and OS9 were also co-localized to the ER in HEK cells as indicated by co-localization with the ER marker calnexin (Fig. 9B) . Most impor- FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 4495 tantly, similar to OKP cells, OS9 co-expression in HEK cells decreased both immature and mature NKCC2 proteins (Fig. 9 , C and D), clearly indicating that OS9 effects on the co-transporter expression are independent of the expression system.
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Endogenous OS9 Interacts with Immature NKCC2 and Regulates the Expression of the Co-transporter-The potential significance of our findings is that the interaction of OS9 with NKCC2 in the ER could be very important for sorting determinants for the ER quality control of the co-transporter. To further corroborate these findings, we next examined the role of endogenous OS9 in NKCC2 degradation. To this end, we first checked the ability of NKCC2 to interact with endogenously expressed OS9 in HEK cells. To address this, we used a rabbit OS9 antibody raised against native OS9 protein. Importantly, Western blotting analysis following immunoprecipitation with anti-OS9 antibody detected a protein band around 100 kDa, corresponding to the expected size band of isoform 1 of OS9. More importantly, immunoprecipitation of endogenous OS9 protein brought only the immature form NKCC2, thus again demonstrating physical interaction between OS9 and the ERresident form of the co-transporter (Fig. 10A, lane 3) . Of note, Myc-NKCC2 protein was not detected in control experiments in which immunoprecipitations were carried out using mouse anti-V5 antibodies (Fig. 10A, lane 2) . Taken in concert, these findings clearly indicate that, similar to exogenously expressed OS9, endogenous OS9 interacts in vivo with NKCC2, an interaction that involves principally the immature form of the co-transporter.
To examine the role of endogenous OS9 in the regulation of NKCC2, we first checked the effect of OS9 knockdown on NKCC2 expression using siRNA. To this end, a sequential transfection in HEK cells was performed. Cells were first transfected with siRNAs for at least 24 h before transfection with Myc-NKCC2 plasmids for 48 h. As illustrated in Fig. 10B , relative to control, the endogenous expression of OS9 was reduced by 80% in cells transfected with OS9 specific siRNA (from Dharmacon). With this degree of OS9 knockdown, the steadystate level of NKCC2 was increased by 80% (p Ͻ 0.004). Importantly, this increase in total NKCC2 protein abundance was associated with an increase in the surface expression of the co-transporter protein (ϩ76%; p Ͻ 0.007). To corroborate these findings, we also used a second set of OS9-specific siRNA (from Santa Cruz Biotechnology). As can be seen in Fig. 10C , using this second set of OS9 siRNA, OS9 knockdown again increased total and surface NKCC2 expression by 81 (p Ͻ 0.03) and 84% (p Ͻ 0.0001), respectively. Consequently, these data are fully in agreement with a role of endogenous OS9 in the ERAD of immature NKCC2 protein.
To further corroborate these observations, we used the cycloheximide decay assay to assess the effect of OS9 knockdown on the half-life of the immature form of NKCC2. To this end, a sequential transfection in HEK cells was performed as indicated above. However, in this series of experiments, 12-14 h after transfection of HEK cells with Myc-NKCC2 plasmids, cycloheximide was added to block protein synthesis, and at various times after addition of cycloheximide, NKCC2 levels were monitored by Western blotting. It is worth nothing that at the start of the chase period (t ϭ 0) total NKCC2 protein levels were comparable between the studied groups (Fig. 10D) , indicating that a modification of protein synthesis is not responsible for the increase in total NKCC2 protein levels observed above (Fig.  10, B and C) . Most importantly, in cells transfected with OS9 siRNA, immature NKCC2 protein had a slower rate of decay at different time points during the chase period (Fig. 10D ). Indeed, in kinetic analysis, the estimated half-life of immature form of NKCC2 protein was increased by ϩ79% (p Ͻ 0.05) upon OS9 knockdown. Moreover, this increase in the stability of the immature form of NKCC2 was associated with an increase in the conversion of the protein from the immature to the mature form of the co-transporter (Fig. 10D ). Altogether, these data strongly hint at a role of endogenous OS9 in the ERAD of immature NKCC2 protein.
Discussion
This study was carried out to gain insight into the molecular mechanisms underlying the regulation of NKCC2 transit in the ER. By means of yeast two-hybrid analysis and co-immunoprecipitation assays, we identified OS9 as a bona fide NKCC2interacting protein. The interaction involves mainly the immature form of the co-transporter, therefore taking place in the ER. We have found that OS9 co-expression decreases the stability of core glycosylated NKCC2 by increasing its degradation by the proteasome pathway. Accordingly, OS9 depletion increases the stability and maturation of the co-transporter protein, indicating therefore that OS9 targets NKCC2 for the ERAD pathway.
OS9 was originally identified as a gene of unknown function amplified in osteosarcoma (27) . OS9 is expressed ubiquitously and has alternatively splice versions (39) . The function of OS9 remained mysterious until human OS9 and its yeast homolog Yos9p were implicated in ER-to-Golgi transport (35) . Likewise, mammalian OS9 interacts with the C-terminal tails of meprin ␤ (32) and DC-STAMP (33) to facilitate their transport from the ER. Besides its role in ER-to-Golgi transport, OS9 has been reported to interact with hypoxia-inducible factor 1-␣ in the cytosol to regulate its proteasome-mediated degradation in an O 2 -dependent manner (46) . Moreover, more recent reports have also implicated OS9 in the ERAD of misfolded glycoproteins (28 -31) . It was first reported that removal of Yos9p from the yeast ER selectively inhibits degradation of glycosylated ERAD substrates (47) . Subsequent studies in mammalian cells indicated that the degradation of misfolded glycoproteins is partially inhibited by OS9 knockdown, but this effect seems to depend on the ERAD substrates (45) . In this regard, it is worth mentioning that it was initially thought that OS9 is required for disposal of substrates with luminal folding defects, whereas it is dispensable for disposal of proteins with defects in the transmembrane and cytosolic domains (28, 29, 48 -51) . However, a recent report showed evidence that the Arabidopsis homolog of the mammalian OS9 protein plays a key role in the ERAD of the receptor-like kinases, which are transmembrane proteins (52) . Moreover, although Jansen et al. (33) have not explored in detail the role of OS9 in the degradation of DC-STAMP, they reported that preliminary biochemical data suggest that OS9 may also be involved in the ERAD of DC-STAMP (33) . In the present study, we showed evidence for a specific interaction of mammalian OS9 with NKCC2 and NCC, two renal transmembrane proteins. Importantly, we demonstrated that OS9 binding in vivo involves mainly the immature form of NKCC2. Most importantly, we provided evidence that OS9 binding is involved in the regulation of NKCC2 ERAD.
In support of ERAD as a major regulator of NKCC2 trafficking and function, we previously demonstrated that the majority of newly synthesized NKCC2 proteins are targeted to proteasome degradation before export to the Golgi (26) . In the present work, the function of OS9 in the ERAD of NKCC2 was first suggested by co-immunoprecipitation studies that demonstrated that the interaction in vivo involves mainly the imma- FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 4497 ture, ER-resident form of NKCC2. Accordingly, the localization studies showed that OS9 co-localizes with NKCC2 at the endoplasmic reticulum. In contrast, OS9 did not co-immunoprecipitate with the ETB receptor, suggesting that OS9 is not simply interacting with all membrane proteins. In support of this notion, Wang et al. (34) demonstrated that OS9 specifically interacts with the TRP channels of the vanilloid group but not with other tested TRP channels or ␣NaC (34) . Furthermore, we have shown that elevated OS9 levels, through the expression of exogenous OS9, prevent the cell surface localization of NKCC2 and cause the co-transporter to accumulate in a perinuclear location. The OS9-induced down-regulation of NKCC2 surface expression was associated with an increase in co-transporter degradation. Moreover, OS9 effects on the ER-resident form of NKCC2 were prevented in the presence of the proteasome inhibitor MG132 but not with leupeptin, an inhibitor of lysosomal function, indicating that OS9 targets the immature form of the co-transporter to the proteasome-dependent ERAD pathway. It is of interest to note that, under similar experimental conditions, Wang et al. (34) reported that OS9 overexpression appears to protect TRPV4 from the ER-associated degradation, indicating that the effect of OS9 is substrate-dependent 3) . IgGH, the heavy chain of IgG. B and C, knockdown of endogenous OS9 increases total and cell surface expression of NKCC2. Upper panels, representative immunoblotting analysis illustrating the effect of OS9 knockdown on total and surface NKCC2. HEK cells were transfected with NKCC2 in the absence (Control) or presence of specific OS9 siRNAs from Dharmacon (D) or Santa Cruz Biotechnology (S). 48 h post-transfection, biotinylated proteins were recovered from cell extracts by precipitation with NeutrAvidin-agarose. An aliquot of the total cell extract from each sample was also run on a parallel SDS gel and Western blotted for total NKCC2 expression. NKCC2 proteins were detected by immunoblotting with Myc antibody. Lower panels, summary of results. Data are expressed as a percentage of control. *, p Ͻ 0.004 versus control (n ϭ 4); #, p Ͻ 0.007 versus control (n ϭ 4); §, p Ͻ 0.0001 versus control (n ϭ 5); **, p Ͻ 0.03 versus control (n ϭ 5). D, knockdown of endogenous OS9 increases NKCC2 stability and maturation. HEK cells were first transfected in the absence (Control) or presence of OS9 siRNA followed by transfection with NKCC2 plasmids 24 h later. 12-14 h post-transfection of NKCC2, cells were chased for the indicated times after addition of cycloheximide. Total cell lysates were subjected to immunoblot analysis for NKCC2 and OS9. Lower left panel, quantitative analysis of immature NKCC2. The density of the immature form of NKCC2 proteins was normalized to the density at time 0 (100%). Lower right panel, quantitative analysis of NKCC2 maturation. The results are presented as relative intensity. Each point represents the mean Ϯ S.E. of three independent experiments. *, p Ͻ 0.05 versus controls (n ϭ 4). Error bars represent S.E. (34) . It is well documented that a single chaperone might be involved in either folding or degrading a given substrate that transits through the ER (53) . OS9 is no exception, and therefore its actions also depend on the ERAD substrates (34) . Consequently, it is conceivable that OS9 might play a protective role for TRPV4 but a destructive one for NKCC2 during ERAD. To further support the role of OS9 in the ERAD of NKCC2, we used the siRNA approach and demonstrated that OS9 knockdown delayed the degradation of the immature form of the co-transporter. Moreover, we showed that mutations of NKCC2 N-glycosylation sites also abolished OS9 effects, indicating that OS9-induced protein degradation is N-glycan-dependent. In contrast, the MRH domain of OS9 appears to be dispensable for the effect on NKCC2 degradation. In this regard, it is worth mentioning that the role of the MRH domain of OS9 remains unclear. Indeed, the significance of the lectin activity of the MRH domain of OS9 in vivo remains controversial and likely depends on the levels of overexpressed OS9, its sugar binding-defective mutants, and/or the yeast or mammalian expression system used (45, 54) . In agreement with our findings, Bernasconi et al. (30) also demonstrated that the activity of OS9, in a mammalian cell background, does not require a functional MRH domain. In sum, our results demonstrate the presence of an OS9-mediated ERAD pathway in renal cells that degrades immature NKCC2 proteins.
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ERAD starts with the recognition of a misfolded protein by molecular chaperones (19, 55) . ERAD substrates can present a misfolded lesion either in the ER lumen, ER membrane, or cytoplasm, which will dictate the types of chaperones with which they interact (19, 55) . Consequently, three different ERAD pathways have been proposed as ERAD-L, ERAD-M, and ERAD-C (19, 55) . Soluble or membrane-bound proteins with a misfolded luminal domain are degraded via the ERAD-L (19, 55) . Transmembrane substrates containing misfolded portions in the cytoplasmic and membrane domains are degraded via the ERAD-C and ERAD-M pathways, respectively (19, 55) . For instance, to aid in folding and to select misfolded species for ERAD, nascent CFTR engages both cytoplasmic and ER luminal chaperones of CFTR (24) . Likewise, NCC, another transmembrane protein, involves several cytoplasmic chaperones for its ERAD (56, 57) . Similar to NCC, NKCC2 contains 12 transmembrane segments, two large cytoplasmic domains, and a large ER-exposed exofacial loop. Given the fact that the cotransporter contains domains in the ER and cytoplasm, NKCC2 could potentially interact with OS9 and/or other ER molecular chaperones on either side or on both sides of the ER membrane. In this regard, a remarkable difference between Yos9p, which is expressed only in the lumen of the ER, and its mammalian counterparts is the absence of a KDEL or other potential ER retention sequence from the mammalian proteins. However, mammalian OS9 contains a stretch of hydrophobic residues at the N terminus, suggesting at least transient localization in the ER (27) . Accordingly, localization studies of OS9 in mammalian cells indicated that the protein might reside at both luminal and cytoplasmic surfaces of the ER (30, 32, 33) . Hence, an interaction between OS9 and the C-terminal domain of NKCC2 at the cytoplasmic side of the ER is conceivable. However, one cannot exclude the possibility that OS9 may also interact with other domains of NKCC2 protein. In this respect, to further define the parts in the cytoplasmic tail of NKCC2 that are responsible for the interaction with OS9, we created a series of deletion mutants in the C-terminal tail of NKCC2. Subsequent co-immunoprecipitation experiments revealed that, even in the absence of the distal part of the NKCC2 C terminus, the cotransporter is still able to interact with OS9 (data not shown), opening the possibility for an interaction of OS9 with other parts of NKCC2 protein. Consequently, an involvement of OS9 in the ERAD-L, ERAD-M, and/or ERAD-C of NKCC2 remains possible. Undeniably, OS9 cannot work in isolation to mediate the ERAD of the co-transporter. Appropriately, one may reasonably postulate that OS9 works in concert, sequentially or simultaneously, with other NKCC2-binding proteins and ERAD components such as CHIP and the Hsp70/Hsp90 organizer protein that are involved in structurally related renal NCC ERAD (56, 57) to mediate the ER quality control and its associated protein degradation of the co-transporter. Obviously, further experiments are needed to uncover the precise mechanism behind this process.
Identification of proteins that interact specifically with the immature forms of NKCC2 is important to decipher the molecular mechanisms underlying the regulation of the ER-to-Golgi transport of the co-transporter. Although our study was conducted in renal cultured cells, it is likely that NKCC2 interaction with OS9 also takes place in native TAL cells to play a crucial role in the chronic adaptations of the co-transporter. Indeed, given that variation in the activities of Na-Cl co-transporters or their regulators alters blood pressure in humans (2, 9) , it is conceivable that physiological or pathological changes in the expression level of their binding partners may affect their activities, therefore altering the sodium balance and blood pressure. In support of this notion, a recent report showed evidence that in vivo loss of Nedd4-2, a binding partner of NCC, leads to increased NCC abundance and function (58) . Most importantly, renal tubular Nedd4-2 deficiency causes NCC-mediated salt-dependent hypertension (58) . Similarly, it is reasonable to postulate that physiological or pathological changes in OS9 expression levels may also affect NKCC2 function. In support of this hypothesis, a previous report showed evidence that OS9 is up-regulated in response to ER stress and facilitates the ERAD of several glycosylated proteins under these conditions (44) . The OS9 overexpression approach used in the present study may therefore actually mimic OS9 up-regulation under agents or conditions causing ER stress in TAL cells such as salt loading and aging (59, 60) . This is of particular interest because NKCC2 protein expression is down-regulated by high salt intake (4) and in the aged kidney (7) . Consequently, an increase in OS9 expression in response to ER stress could contribute to the down-regulation of NKCC2 expression via the ubiquitin-proteasome pathway under these conditions (4, 7) .
Intensive research on the mechanisms underlying the ERAD machinery has provided new insights into how ERAD contributes to human health during both normal and diseases states (19, 60) . The importance of ER quality control in general and the ERAD process in particular has been indicated in a large number of human pathologies called conformational diseases (19, 61, 62). One example is CFTR, the protein in which muta- FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 4499 tions give rise to cystic fibrosis (63) . One emerging and promising strategy for the possible treatment of ERAD diseases is to overcome ER retention (61, 62, 64) because some mutant proteins such as the cystic fibrosis ⌬F508-CFTR mutant are actually functional if they exit the ER and reach their normal cellular location (63, 65) . In regard to NKCC2, previous reports demonstrated that, when expressed in a mammalian cell background, several NKCC2 mutants are retained in the ER (10, 25, 66) . Moreover, although distinct cellular mechanisms may account for NKCC2 loss of function in BS1 disease, our preliminary data in the laboratory revealed that ER-associated protein degradation is the most common mechanism underpinning BS1. 4 Consequently, understanding the involvement of this process in BS1 is essential to provide novel therapeutic strategies for the treatment of BS1. Indeed, the identification and selective modulation of ERAD components specific to NKCC2 and its disease causing mutants might help to define a strategy to release fractions of misfolded mutant proteins from the ER by preventing their interactions with the quality control components to rescue their surface expression and restore their functional activity. Hence, it will be of interest to determine whether alterations in NKCC2 protein levels in NKCC2-related diseases are also mediated by OS9.
In summary, we found that NKCC2 interacts specifically with OS9, a protein known to be involved in the regulation of the transit in the ER. OS9 interacts mainly with the ER-resident form of NKCC2 to accelerate its degradation by the ERAD pathway. To the best of our knowledge, this is the first study identifying a protein partner of NKCC2 that plays a role in proteasome-dependent ERAD of the co-transporter. Besides, this is also the first report providing evidence that mammalian OS9 can be also involved in the ERAD of transmembrane proteins. Moreover, OS9 also binds to the structurally related cotransporter NCC, suggesting that the interaction with OS9 is a common feature of members of the SLC12A family, a group of cation-chloride co-transporters that are targets of therapeutic drugs and mutated in several human diseases such as Bartter, Gitelman, and Andermann syndromes (2, 67, 68) . Consequently, further studies of OS9-mediated NKCC2 degradation should be useful in defining the recognition principles associated with the disposition of NKCC2 and perhaps other members of the cation-coupled chloride co-transporter family, in particular NCC. The thorough characterization and identification of the molecular mechanisms underlying the ER quality control of the cation-chloride co-transporters may provide a foundation for the development of therapeutic strategies targeting co-transporter transport from the ER to the cell surface.
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